Studies of cell lines and of animal models of pancreatic cancer have raised a number of provocative questions about the nature and origins of human pancreatic cancer and have provided several leads into exciting new approaches for the treatment of this deadly cancer. In addition, clinicians with little or no contact with human pathology have challenged the way that pancreatic pathology is practiced, suggesting that "genetic signals" may be more accurate than today's multimodal approach to diagnoses. In this review, we consider 8 provocative issues in pancreas pathology, with an emphasis on "the evidence derived from man."
T he development of a genetically engineered mouse model (GEMM) of pancreatic cancer by Hingorani et al 1 in 2003 that recapitulates many of the histologic features of the cognate human disease provided unique opportunities to manipulate and study the fundamental biology of pancreatic neoplasia. Models such as this one have been used to study precursor lesions, tumor-stroma interactions, and the delivery of drugs to neoplastic cells. [2] [3] [4] All too often, however, the results generated studying animals are not directly correlated back to human pathology.
We would argue that from beginning to end, those working with animal models and in vitro systems should always keep human pathobiology in mind. For example, if one is going to introduce genetic alterations into cells in the pancreata of mice, we would argue that it would be preferential to select genes that are known to be altered in human disease over genes that have not been shown to play a role in humans. Similarly, when experiments conducted on GEMM are analyzed, the results should be interpreted in light of human pathology. 5 It is our belief that in this way experiments conducted in animal models can have the biggest impact on alleviating human suffering.
We would also argue that a firm grasp of human pancreatic pathology and the way it is practiced forms a solid foundation for clinicians wishing to help patients suffering from pancreatic cancer through their clinical work.
In this review, we will discuss eight provocative issues in pancreatic pathology. Our goal is to discuss these issues in the framework of our understanding of human pathology. We should make it absolutely clear that we are in no way denigrating our clinical colleagues or experiments performed using animals; indeed we are co-authors on many of the manuscripts we will discuss in this review. Instead, we wish to emphasize the value gained by considering "the evidence derived from man." Studies in animals can open our eyes to fundamental mechanisms underlying disease and to what can happen in living tissues in ways we never would have imagined. These studies need to be balanced with what does happen in humans.
PROVOCATIVE ISSUE #1

Epithelial-Mesenchymal Transition Is Important for Invasion and Metastasis
Epithelial-mesenchymal transition (EMT) is a paradigm of cell plasticity, thought to be crucial for embryogenesis, injury repair, organ fibrosis, and malignant progression. 6, 7 EMT is characterized by reversible loss of epithelial characteristics coupled with gain of mesenchymal properties, including transition from epitheliod to stellate morphology, loss of cell polarity, enhanced motility, and synthesis of extracellular matrix (ECM)-remodeling proteins. EMT is thought to be reversible under most circumstances, a process called mesenchymal-epithelial transition (MET).
Although it has been appreciated for decades that EMT is crucial for proper development of various embryonic tissues, over the past few years numerous publications have also highlighted the importance of EMT in cancer and have suggested that EMT may be a driving force behind invasion, metastasis, and chemoresistance in many carcinomas including pancreatic ductal adenocarcinoma (PDAC). 8, 9 Much of what we know regarding the signaling pathways and molecules involved in regulating EMT are derived from in vitro cell culture studies, due to the ease of studying pure populations of epithelial cells undergoing synchronous EMT. In the decades since the first in vitro description of EMT by Greenburg and Hay, 10 much of our current understanding of EMT has been obtained by treatment of cultured epithelial cells with various extracellular signaling molecules that trigger EMT, such as transforming growth factor-b. These signaling molecules activate pathways that upregulate expression of certain "master regulatory" transcription factors, including Snail, Slug, Zeb1, Twist, and SIP1, that converge upon the promoter of E-cadherin (and likely other epithelial-specific genes) to repress transcription. 6 ,7 E-cadherin is a vital component of epithelial desmosomes, and loss of E-cadherin triggers the disassembly of adherens junctions. This results in loss of cell contacts that normally maintain epithelial differentiation and inhibit induction of EMT. Indeed, overexpression of master regulatory factors or knockdown of E-cadherin expression by RNAi is sufficient to induce EMT in the absence of exogenous signaling molecules. 11 In addition to master regulatory factors, several recent studies in cell culture have also implicated other molecular processes that regulate EMT, including chromatin remodeling and microRNAs, many of which also regulate expression of E-cadherin through interplay with the master transcription factors.
The in vivo study of EMT in mice is hampered by the lack of known biological situations where homogenous populations of cells undergo synchronous EMT. Many studies to date have focused on whether the EMT process and the factors that control it are active in human cancers transplanted into mouse models. Several lines of evidence from these models support a role for EMT in malignant progression. First, single cells that break apart from the bulk of well-differentiated tumors at their invasive fronts undergo EMT in models of breast cancer. 12 Second, many human carcinomas (including PDAC) with poorly differentiated and/or spindled morphology often display features of EMT and are usually (although not always) more aggressive than their well-differentiated counterparts, and this behavior is often associated with loss of E-cadherin and changes in EMT master regulatory transcription factors. [13] [14] [15] Third, there is accumulating evidence that cells undergoing EMT may constitute the fraction of tumorinitiating cells (TICs) in some carcinomas. Isolation of cells with properties ascribed to TICs from bulk tumors has shown that these cells display features of EMT, 16 and differentiated cells induced to undergo EMT acquire TIC properties in culture and in mice. 17, 18 Indeed, compounds that eradicate cells undergoing EMT also eradicate TIC subpopulations. 18 Finally, PDAC cells with properties of EMT are highly chemoresistant (eg, to gemcitabine) when compared with differentiated cells. 19 Chemoresistance is a property often ascribed to TICs, and chemoresistant TICs are thought to be present in human PDAC. 20, 21 Indeed, treatment of PDAC cells with gemcitabine seems to greatly enrich the fraction of TIC-like cells, presumably by selecting for EMT. 20, [22] [23] [24] Thus, experimental studies suggest that EMT or some EMT-like process does play a crucial role in propagation, malignant progression, and chemoresistance of many cancers including PDAC, at least in cell culture and in mouse models. Does the same hold true for PDAC in human patients, where tumor evolves within its native human host rather than an immunodeficient murine host environment?
A broad range of degrees of differentiation can be observed for human invasive PDAC in histologic sections. Poorly and undifferentiated carcinomas, as the names suggest, feebly recapitulate the glandular differentiation of nonneoplastic ductal cells. 25 The neoplastic cells, instead, are mononuclear or spindle shaped with aggressive clinical behavior. These mononuclear and spindle-shaped cells often display immunolabeling patterns consistent with EMT, including loss of E-cadherin. 14 For these types of poorly differentiated tumors, it has been hypothesized that these neoplastic cells are genetically driven into an irreversible EMT state while retaining the ability to proliferate, 26 through bypassing EMT-driven growth arrest.
Although these observations in humans would at first seem to support the hypothesis that EMT occurs in human PDAC and other cancers, pathologic examination of those PDACs with well-differentiated morphology reveal two observations that seem to run contrary to this. 25 First, not all aggressive PDACs are poorly differentiated. Despite the dismal prognosis associated with pancreatic cancer, many PDACs, including those that metastasize and kill patients, are remarkably well differentiated (Fig. 1A ). This is one of the great paradoxes of pancreatic pathology that such an aggressive neoplasm is often so well differentiated. Second, the most invasive components of some pancreatic cancers still form nearly perfect glands. This includes adenocarcinoma that has colonized perineural spaces ( Fig. 1B ), blood vessels, and even in distant metastatic sites (eg, "lepidic growth" in lungs). Simply put, in many cases, the overtly malignant PDAC cells in nerves, vessels, and metastatic sites are not poorly differentiated or spindle-shaped mesenchymal-appearing cells. They are the opposite. They are so well differentiated that they are often even impossible to distinguish histologically from nonneoplastic glands except for their abnormal location. 25 In addition, expression of E-cadherin is nearly always intact in these cells (Fig. 1C ).
How then can we put these 2 observations together? How can we reconcile the importance of EMT for malignant behavior in mouse models and poorly differentiated human PDAC, with the finding that many highly aggressive pancreatic adenocarcinomas in humans can be extremely well differentiated? Why are not these cells undergoing EMT and/or poorly differentiated or spindled upon invasion and metastasis? One explanation is that EMT is simply not required for aggressive behavior for all carcinomas in human microenvironments, well-differentiated ones in particular. In some mouse models and human cancers, carcinomas may invade collectively without infiltration of single EMT cells at the invasive tumor front, 27 and retention of their epithelial cell adhesion molecules may be required for invasion and growth in vessels, nerves, and sites of distant metastasis. One could even envision a scenario that once vascular invasion is achieved, these well-differentiated cells may use adhesion molecules to "hitch a ride" to distant metastatic sites by attaching to blood cells or platelets. Even simpler, a metastatic process that depends on tightly adherent malignant cells circulating in the bloodstream as a neoplastic bolus may offer a much more efficient means by which carcinoma can lodge and colonize a metastatic site than a process based on EMT and single-cell dissemination. Thus, at first glance, it would seem that EMT does not explain malignant behavior in well-differentiated PDAC in humans.
However, in a recent elegant review, Brabletz et al 26 outlined recent evidence that EMT coupled with the reverse process MET may play a crucial role in malignant progression of well-differentiated carcinomas. First, although most, if not all, neoplastic cells in well-differentiated carcinomas appear epithelial, rare individual cells that seem to be undergoing EMT can be observed in histologic sections and even isolated from these tumors ( Fig. 1D ). As in mouse models, it is conceivable that these rare EMT-like cells may underlie single-cell invasion into stroma, nerves, and vessels and are also required for dissemination into the bloodstream. However, efficient colonization and growth within locally invaded tissues and sites of distant metastasis may require reversal of the process, MET, thereby producing well-differentiated cells that are more efficient at populating a site once EMT has allowed access. Indeed, it is well known that cells undergoing EMT are typically growth arrested and therefore incapable dividing to form a mass, whereas fully differentiated carcinoma cells readily enter the cell cycle. Also, cell surface adhesion molecules required for epithelial attachments to each other and other cells are lost during EMT, which could also inhibit growth within stroma, nerves, and vessels, as well as disrupt attachments to other tumor cells required to produce mass lesions. Careful examination of histologic sections of locally invasive and/or metastatic well-differentiated PDACs for rare cells undergoing EMT and MET could help resolve these questions.
An understanding of the role of EMT and MET in humans has implications for therapies targeting EMT, as these treatments would only eradicate a small number of cells at the invasive front of tumors and those that are disseminating in the bloodstream. They would not treat the bulk of the invasive primary pancreatic carcinoma or welldifferentiated cells in established metastasis. Obviously, if any malignant cell in a well-differentiated PDAC is capable of undergoing EMT, then combination therapy targeted toward both EMT and well-differentiated cells would be required. Clearly, EMT raises many provocative questions for pancreatic cancer pathology that will need to be addressed with studies in model systems and in man.
PROVOCATIVE ISSUE #2
Pancreatic Neoplasia Metastasizes or "Delaminates" Before It Invades
One of the more controversial questions pertaining to pancreatic cancer is the timing of onset of metastatic disease. Do pancreatic cancer cells disseminate very early during disease evolution (potentially even at the step of precursor lesions) or does this process occur only once the primary tumor has become bulky? Although the answer to this question has direct implications for screening and treatment, it could not be addressed directly until appropriate animal models became available. Recently, Rhim et al 28 used the credentialed GEMM of pancreatic cancer ("KPC" mice) to study the timing of onset of metastatic disease. The "KPC" mice were genetically modified such that any cell expressing mutant Kras and p53 allele was also labeled with a fluorescent reporter. The authors noted the presence of fluorescently labeled cells in the periductal stroma of noninvasive murine pancreatic intraepithelial neoplasia (mPanIN) lesions, a process they named "delamination," as a more equivocal surrogate terminology for invasion. Delamination was observed in pancreata where the presence of a primary mass-forming neoplasm was excluded by rigorous histologic analysis and only mPanIN lesions were present. The delaminated cells had features of EMT (see the Provocative issue #1 section), including loss of E-cadherin and expression of mesenchymal antigens. Notably, the delaminated cells were indistinguishable by morphology from surrounding stromal cells and were only identifiable due to the expression of the reporter gene.
Remarkably, the investigators were also able to detect circulating fluorescently labeled cells in mice that had no histologically demonstrable invasive primary in the pancreas, suggesting that the delaminated cells arising from precursor lesions have vascular access within the pancreatic milieu. 28 In mice harboring mPanIN lesions, the circulating labeled cells had surface antigenic markers demonstrable in tumor-initiating populations (CD24 + , CD44 + ) and demonstrated clonogenic growth properties when passaged in vitro. On the basis of the findings in this mouse model, Rhim et al 28 postulated that stromal invasion by neoplastic cells that have not yet formed a mass but that harbor properties of EMT precedes the onset of a demonstrable primary tumor in the pancreas. At least theoretically, therefore, delaminated cells arising from the pancreas that have gained access to the circulation could seed distant sites like the liver and lung and form the origins for clonally independent metastatic foci even in the setting of "curative" resection of an apparently noninvasive primary tumor.
What do the data in humans suggest? Is there any evidence that apparently noninvasive precursor lesions in the pancreas delaminate and metastasize before an invasive component is identifiable? Although Rhim and colleagues suggest that metastatic carcinomas of unknown primary provide evidence for the process of delamination, in fact, the vast majority of patients with metastatic carcinoma of unknown primary have bulky disease involving multiple organs. The problem is not that there is no organ that could be the primary, the problem in most cases is that there are too many candidates! In addition, there have been a number of clinical studies in humans in which patients with noninvasive intraductal papillary mucinous neoplasms (IPMNs) of the pancreas have been followed without surgery, and these patients do not develop metastatic disease without first developing a solid component or some other finding to suggest local invasion. [29] [30] [31] The same is true for almost every other solid organ. Pap smears are effective in reducing cervical cancer precisely because intraepithelial neoplasia goes through a predictable histologic progression before it invades. One could argue that the smaller precursor lesions in the pancreas, the pancreatic intraepithelial neoplasia (PanIN) lesions, are in some way unique among the epithelial neoplasms that they fundamentally differ from cervical intraepithelial neoplasia, ductal carcinoma in situ of the breast, adenomas of the colon, and in situ neoplasms of the skin. Here again, although the data in humans are spotty because PanINs are hard to detect and follow clinically, the data do not support the hypothesis that noninvasive PanIN lesions delaminate and metastasize before an invasive component is identifiable. For example, Canto and colleagues have screened a large number of patients with a strong family history of pancreatic cancer, and most of these patients have been found to have multifocal PanIN lesions, and some have multifocal high-grade PanIN lesions. 32, 33 Although the follow-up is limited, these patients do not seem to succumb to metastatic disease in the absence of a recognizable invasive lesion in the pancreas. Larger studies of patients without a family history of pancreatic cancer suggest that PanINs are, in fact, extremely common in the general population. A study of 1174 autopsied patients by Kozuka et al 34 found that 36% of patients without pancreatic cancer had a PanIN lesion. By contrast, invasive pancreatic cancer is diagnosed in only 9/100,000 Americans per year, and virtually all patients with metastatic pancreatic cancer have a bulky primary lesion. If PanINs are so prevalent and invasive pancreatic cancers so rare, the rate of "delamination," should it occur, must be extraordinarily low in humans.
Additional studies in GEMM, particularly those designed to rule out "leakiness" of the reporter (expression of the reporter in nonneoplastic stromal cells), and additional studies in humans, particularly the long-term follow-up of patients with noninvasive precursor lesions, will be needed to determine why even minimally invasive pancreatic cancer is so lethal.
PROVOCATIVE ISSUE #3
Stroma Is a Barrier to the Treatment of Pancreatic Cancer and Accounts for Pancreatic Cancer's Chemoresistance One of the enigmatic questions vis-a`-vis pancreatic cancer that has plagued clinicians and researchers alike is its unique recalcitrance to chemotherapy. This is underscored by the excitement generated when gemcitabine was first approved as therapy of choice for pancreatic cancer in 1997 with a median improvement in survival of few weeks over 5fluorouracil. 35 More recently, a multidrug combination of oxaliplatin, irinotecan, and 5-fluorouracil with leucovorin rescue (FOLFIRINOX) improved median survival of metastatic pancreatic cancer to 11 months, which meant a net gain of 5.5 months in median survival despite 14 years of intense clinical and basic research. 36 Clearly, the resistance of pancreatic cancer to treatment has been a frustrating problem.
A potential insight into the generally refractory nature of pancreatic cancer was obtained using the "KPC" mouse model, which not only recapitulates the epithelial progression of the cognate human disease, but also mimics the intense stromal reaction (a.k.a. desmoplasia) characteristically observed in the peritumoral milieu of human adenocarcinomas. 1, 2 The intense stromal response was once considered a "passive" sheathing response by the host to contain the invading cancer cells; over time, the stroma has come to be recognized as an active partner in the growth and dissemination of pancreatic cancer, with a robust paracrine communication between neoplastic and host stromal compartments 4,37,38 (see the Provocative issue #4 section).
Using the "KPC" model, Olive et al 3 recently uncovered another potential role for the stroma in pancreatic cancer, that is, a barrier to effective drug delivery. In this model, the delivery of the chemotherapeutic gemcitabine was impeded in the presence of the desmoplastic stromal barrier, whereas depletion of the stroma using a Hedgehog (Hh) antagonist allowed robust gemcitabine delivery into the peritumoral milieu and increased therapeutic efficacy. 3 More recently, this paradigm has been validated in the "KPC" model by two groups that targeted stromal hyaluronan, using a PEGylated hyaluronidase. 39, 40 These studies identified striking interstitial hydrostatic pressure within the stromal compartment that constricts blood vessels and prevents the passive efflux of delivered chemotherapeutics from the vasculature into the peritumoral milieu. 39, 40 Elimination of the stroma diminishes this hydrostatic pressure, allowing efflux of the administered chemotherapeutic agents. The preclinical success of these stromal depletion efforts in the "KPC" model has engendered enthusiasm that a similar approach would also enable improved chemotherapeutic delivery to human pancreatic cancers and improve the stubbornly dismal outcome observed with this disease.
The stroma clearly plays an important role in invasive ductal adenocarcinomas. Indeed, one could argue that pancreatic cancers are among the most desmoplastic of the epithelial malignancies (Fig. 1E ). It is important to note, however, that although primary and metastatic pancreatic cancers in humans are both poorly responsive to therapy, the primaries tend to have a much more intense desmoplastic response than the metastases. For example, as illustrated in Figure 1F , pancreatic cancer metastatic to the lung can grow in a lepidic pattern, growing as a thin layer along preexisting alveolar walls and mimicking a bronchoalveolar carcinoma. These cells sit right on the alveolar walls with little to no intervening stroma between the small vessels and the neoplastic cells. Despite the absence of stroma, these metastatic lesions also do not respond to systemic chemotherapy. The stroma, although it may contribute, cannot be the sole explanation for the chemoresistance of pancreatic cancer.
PROVOCATIVE ISSUE #4
Interactions Between Neoplastic Cells and Stroma Can Be Targeted as a Treatment for Pancreatic Cancer
As outlined above, a hallmark feature of PDAC is the nonneoplastic desmoplastic stroma that accompanies the malignant epithelial cells (Fig. 1E ). This stroma often comprises the bulk of the tumor and is composed of reactive "cancer-associated" fibroblasts (CAFs), activated pancreatic stellate cells (PSCs), scattered inflammatory cells, partially collapsed microvasculature, nerve fibers, dense connective tissue, interstitial fluid, and numerous cytokines and growth factors that are embedded within the stromal matrix. Even preinvasive PanIN precursor lesions are surrounded by a rind of similar reactive stroma, both in human tissues and genetic mouse models. 41 It is thought by many that desmoplastic tumor stroma may promote growth, survival, and malignant progression of invasive PDAC and perhaps even PanINs. Because of this, it has been proposed that targeting the various nonneoplastic stromal elements that accompanies PDAC may be a new therapeutic approach for the treatment of PDAC, by abolishing crucial cancer:stromal interactions that are essential for growth and survival of invasive PDAC and its precursors.
Studies based largely on in vitro coculture experiments of PDAC cell lines with PSCs and CAFs have suggested that interactions of neoplastic cells with stromal cells and their secreted signaling molecules are important for the growth and survival of invasive PDAC. These studies have shown that media conditioned by PSCs isolated from PDAC stroma improve growth, survival, invasion, and chemoradioresistance of PDAC cell lines in vitro 37 and that the presence PSCs and/or CAFs with PDAC cells results in production of a desmoplastic stroma accompanied by enhanced tumor incidence, growth, and metastasis in various mouse xenograft models. 37, 42, 43 Further studies have shown that these effects may be due, at least in part, to activation of the Hh pathway in PSCs, 38 secondary to secretion of Hh ligands by PDAC cells. [44] [45] [46] [47] [48] Platelet-derived growth factor, transforming growth factor-b, Notch, cyclooxygenase-2, and other pathways also seem to play a role. 43 There is also preliminary evidence that PSCs can promote EMT of PDAC cells, either directly 49 or indirectly by creating a hypoxic microenvironment through stimulation of dense stroma fibrosis coupled with suppression of intratumoral microvasculature. 50 Hypoxia is a well-known inducer of EMT. 51 Experiments in culture and in mice examining tumorinfiltrating macrophages also support a role for the stroma in promoting PDAC progression and offer a therapeutic target. 52 For example, CD40 agonists have been used to activate tumoricidal macrophages that infiltrate the tumor and cause degradation of surrounding fibrotic tumor-stromal elements. This approach produced regression of primary and metastatic PDAC in a subset of patients and mice genetically engineered to develop spontaneous PDAC, and this effect was independent of chemotherapy with gemcitabine. Once caveat to this study is that it was unclear (at least to us) whether stromal depletion was the cause or an after effect of PDAC cell death.
Finally, most, if not all, PDACs are accompanied by chronic pancreatitis in the surrounding pancreatic parenchyma. Although this may often be a secondary effect to obstructive changes caused by the tumor, it is clear that patients with chronic pancreatitis are at much higher risk of developing PDAC 53, 54 and repeated bouts of pancreatitis in mice engineered with highly oncogenic mutations stimulates PDAC progression from low-grade PanIN lesions that in the absence of pancreatitis fail to progress. 55 The stroma that characterizes chronic pancreatitis is thought to be quite similar to the stroma of PDAC. 56 As such, this stroma may also promote malignant progression. Thus, treatment of pancreatitis and/or its associated stromal constituents could offer an avenue to prevent PanIN lesions from progressing to PDAC. Indeed, there is some preliminary evidence in mouse models that supports this notion. [57] [58] [59] However, if tumor-stromal interactions were required for pancreatic cancer cells to grow and survive, one might anticipate that pancreatic cancers would not grow in the absence of stromal cells and/or their secreted molecules (Fig. 1F) . A search of the ATCC library, however, reveals 20 human pancreatic cancer cell lines, none of which require stromal cells to grow. Many of these cell lines can grow in vitro on plastic, even when cells are maintained in serum-free media, which is presumably free of growth factors that might substitute for stromal secretions. Although the ability of these cell lines to seed and grow in vivo xenotransplantation and/or tail vein injections within immunodeficient mice is enhanced by stromal elements (PSCs, CAFs), these cells are perfectly capable of accomplishing this feat on their own, in the absence of stromal constituents. Furthermore, many metastatic lesions in humans remain chemoresistant despite lack of a stromal response at the metastatic site (eg, lepidic growth in lung, Fig. 1F ). Collectively, these observations suggest that efforts to simply target the nonneoplastic stroma may slow progression, but will not ultimately eradicate those PDAC that harbor the ability to grow and invade independently of stromal elements.
One could further argue that the human PDAC stroma may actually represent a host response meant to generate a barrier against growth and/or metastasis. The PDAC desmoplastic stroma is densely fibrotic, hypoxic, nutrient poor, and highly pressurized. One would think that even highly malignant cancer cells would find it tough going to grow, survive, and invade within such a microenvironment. Consistent with this notion, matrix metalloproteinases, which function to degrade stromal elements, are thought to be essential for invasive growth of PDAC. 60, 61 SPARC (also known as osteonectin) is a protein that plays an important role in turnover of stroma ECM and modulating cancer cell:stroma ECM adhesive contacts for many tumors. 62 In patients with aggressive PDAC, SPARC is overexpressed by PSCs in the PDAC stroma 63, 64 and is thought to strongly promote or inhibit cancer cell invasion and metastasis, depending on the experimental context. [65] [66] [67] If PDAC stroma does function to inhibit invasion and metastasis of PDAC, therapies aimed at eradicating the stroma could actually result in a worse outcome for patients.
Although we do believe that targeting stromal elements does represent a potentially exciting adjuvant therapy for PDAC, we caution that significant questions remain regarding to what extent this approach will be beneficial verses detrimental to patient outcomes. We foresee much progress in the coming years delineating the necessary balance between ablating verses preserving tumor stroma for treating patients with PDAC.
PROVOCATIVE ISSUE #5
Ductal Adenocarcinomas of the Pancreas Arise From Acinar or Islet Cells
One of the vexing questions in the cancer research arena pertains to the so-called "cell(s) of origin" for any given cancer type. This concept of hierarchical evolution from an adult stem or progenitor cell population bearing one or more critical driver mutations is probably best established in the field of hematopoietic malignancies. 68, 69 In solid tumors, experimental models have provided notable insights into the putative cells of origin for various cancers (eg, the finding that murine intestinal adenomas and cancers arise from Lgr5 + crypt stem cells), 70, 71 but the human tissue correlates remain to be conclusively established. Although it is clear that invasive pancreatic cancer and the noninvasive precursor lesions from which it arises, including PanINs and IPMNs, show ductal differentiation, including recapitulating duct formation histologically and the expression of ductal markers (including cytokeratin 19) , one cannot presume that the "cell of origin" of these lesions is the same as their direction of differentiation. Indeed, two attempts at expressing mutant Kras from a cytokeratin CK19 ductal promoter in the mouse have resulted in a disappointingly minimal phenotype. 72, 73 In the "KPC" mouse model, Cre-mediated recombination and expression mutant Kras and Trp53 occurs during development in the entire pancreatic anlage (characterized by Pdx1 expression), precluding precise assessment of the compartment of origin for the resulting murine PanIN and adenocarcinomas. 1, 2 Subsequent studies have therefore focused on expressing mutant Kras, with or without additional cooperating elements like mutant Trp53 or Ink4a/Arf, in specific pancreatic compartments, using either acinar-specific 55, [74] [75] [76] or islet specific Cre "driver" lines. 75 These experiments have found remarkable "plasticity" in mature-differentiated pancreatic acinar and islet compartments, with the ability of cells in these compartments to form precursor lesions of ductal adenocarcinoma upon mutant Kras expression, a phenotype that is greatly accelerated by concomitant exocrine injury. Thus, at least in the murine models, one postulates that there is no one "cell of origin" for pancreatic cancer, with most compartments in the mature pancreas retaining the ability to transdifferentiate along ductal lineages in the appropriate oncogenic context. In both the developmental Pdx1-Crebased and acinar models of mutant Kras expression, there is a preponderance of transitional structures characterized by acinar and ductal markers, referred to as acinar-to-ductal metaplasia (ADM). 74, 77 It has been suggested that acinar cells transdifferentiate into ductal elements through ADMs, eventually culminating in histologically discernible mPanIN lesions.
The origin of human pancreatic cancer is difficult, if not impossible, to define, because in most instances we see only advanced disease, decades after the earliest events in the development of that neoplasm have occurred. Furthermore, it is likely that invasive cancers obliterate the precursors from which they arose. These challenges can be addressed in two ways. One is a "birds of a feather flock together" approach, the other is to carefully examine pancreata surgically resected early in the course of disease.
The evidence linking PanIN lesions as a precursor to invasive ductal adenocarcinoma is strong. First, PanINs are more common in pancreata with an invasive cancer than they are in pancreata without cancer. 34, 78 Second, PanINs harbor many of the genetic alterations found in invasive adenocarcinoma of the pancreas. 79 Third, rare cases have been reported in which patients with histologically documented PanIN lesions later develop an invasive adenocarcinoma. 80 Studies of the precursors to PanINs are, however, significantly more challenging in humans.
Shi et al 81 used KRAS gene mutations to study acinar cells, PanINs, and areas of ADM in surgically resected human pancreata. All foci of acinar cells studied were KRAS gene wild type, as were all foci of ADM not associated with a PanIN lesion. 81 By contrast, all foci of ADM with a KRAS gene mutation harbored the exact same mutation as found in their associated PanIN lesions. These results suggest that ductal neoplasms in the human pancreas, as defined by KRAS gene mutations, do not seem to arise from acinar cells and that the mutations found in areas of ADM may simply represent retrograde growth of the PanIN lesions. 81 These studies, however, cannot rule out the possibility that KRAS mutations do occur in acinar cells and when they do the mutations quickly induce ductal differentiation.
Thus, a growing body of evidence in animal models suggests that pancreatic cancers may not arise in ductal cells. The evidence in humans is sketchy, and if origin outside of a ductal cell does occur the cell must quickly take on a ductal phenotype, making the clinical importance of cell of origin in humans, before the development of a PanIN lesion, questionable.
PROVOCATIVE ISSUE #6
Specific Genes Drive Pancreatic Cancer Metastasis
Mouse xenograft models using cells isolated from latestage, bulky primary human tumors indicate that these lesions are composed of heterogenous subpopulations of cells. A portion of these subpopulations (possibly clones) are fully capable of metastasis with divergent metastatic site specificities and gene expression signatures. Elegant studies from the Massague´laboratory have identified genes that may control site-specific metastases to particular organs. [82] [83] [84] [85] [86] In many of these studies, neoplastic cells are isolated from advanced primary lesions in patients and injected into the circulation of immunodeficient mice. Those neoplastic cell subpopulations that metastasize to distant sites in mice are harvested, expanded in culture, reinjected back into mouse circulation, and those that metastasize to the same distant site are harvested again, cultured, and characterized. [82] [83] [84] [85] [86] It is thought that this method selects for subpopulations of cells present in the primary tumor that have a strong tropism for a particular organ. [83] [84] [85] 87 Gene expression profiles are then compared among these selected cell populations and metastatic lesions from the same site in patients, and overlapping genes are then functionally characterized to determine their role in metastatic tropism. Using this approach, genes important for mammary carcinoma metastases to bone, lung, and brain have been characterized. [82] [83] [84] [85] [86] These mouse models therefore suggest that certain genes are misregulated in subpopulations of neoplastic cells at the primary site, which then facilitate homing and colonization of these cells to specific organs once these cells have disseminated into the bloodstream. The fact that heterogenous subpopulations of cells with divergent metastatic potential are present in advanced primary lesions seems to support a linear progression model of cancer metastasis as originally proposed by Halsted. However, there is an alternative possibility whereby a parallel progression model could explain these findings, which involves a concept referred to as "self-seeding" as described below. 88 This same group has demonstrated that metastaticcompetent subpopulations isolated from the primary tumor described above are also prone to metastasize back to the primary lesion once they have colonized a metastatic site, a process termed they termed self-seeding. 88 These cells seem to have the ability to home back to the primary lesion, expand within it, and even stimulate growth of other neoplastic cells within the primary site to generate bulky tumors. Thus, it could be argued that the presence of metastatic-competent subpopulations within late-stage, large human tumors could reflect reseeding of the primary by neoplastic cells that disseminated and metastasized to other organs early during neoplastic progression. During this "parallel progression," it could be argued that the evolution of these disseminated cells might be "instructed" by the microenvironment of whatever distant site they encounter, thereby giving rise to metastatic populations of cells with gene expression profiles fit for thriving in this foreign environment. Over time, these cells would generate macrometastases. If they retained an ability to reseed the original primary tumor, then late-stage lesions would seem to harbor metastasis-competent subpopulations that evolved within the primary tumors as the linear progression model predicts. As outlined below, the possibility of selfseeding raises very significant issues for interpretation of data from human studies.
The identification of specific genes driving metastases in human pancreatic cancer is more challenging than in mouse models. Several "rapid autopsy" programs have been developed to study metastases, and correlation of patterns of spread with genetic alterations in the cancers suggest that PDACs with SMAD4 inactivation are more likely to disseminate, whereas PDACs with intact SMAD4 are more likely to be locally aggressive. 89 To date, more extensive (whole exome) sequencing has failed to identify genetic alterations specific for metastases and instead have suggested that metastases are late events and that clonal populations that give rise to distant metastases are represented within the primary carcinoma. 90, 91 Even more challenging to answer in human tissues is the question of metastases self-seeding the primary. Indeed, if this occurs in man, such a process would greatly cloud the interpretation of studies (eg, rapid autopsy) comparing the findings in metastases with those in primary carcinomas, because both, in essence, would be metastases. One way the issue of metastases self-seeding the primary could be addressed in man would be serial sampling of a patient's cancer (such as sampling resected primary, a local recurrence, and a distant metastasis). Clearly, biosamples will have to be collected with this important issue in mind.
PROVOCATIVE ISSUE #7
How Many Genes Are Targeted in Pancreatic Cancer? example, Pe´rez-Mancera et al 93 used Sleeping Beauty transposon-mediated insertional mutatgenesis in a mouse model to identify 1150 significant candidate genes, which, when mutated, have the potential to contribute to the development of pancreatic cancer. By contrast, fewer genes are targeted in human PDAC. Jones and colleagues sequenced the exomes of 24 clinically well-characterized PDACs, and Wu and colleagues the exomes of all 4 types of cystic neoplasms in the pancreas (IPMNs, mucinous cystic neoplasms, serous cystadenomas, and solid-pseudopapillary neoplasms). 94, 96, 97 In contrast to the large number of genes identified by Sleeping Beauty mutagenesis, Jones et al 94 found an average of only 63 somatic mutations per tumor in the exomes of the human PDACs. Similarly, Wu and colleagues found an average of 27 mutations in the IPMNs, 16 in the mucinous cystic neoplasms, 10 in the serous cystadenomas, and 2.9 in the solid-pseudopapillary neoplasms. 94, 96, 97 The numbers of genes altered in mouse models and in human cancers highlight the difference between what can happen in mice and what does happen in humans. Sleeping Beauty mutagenesis identified 1 to 2 logs more genes than actually seem to be targeted in human pancreatic cancer, and the known driver genes (or "mountains") in human pancreatic cancer, including TP53, SMAD4, and p16/ CDKN2A, were either not targeted at all in the mice (as in the case of TP53) or were targeted at a lower frequency than observed in humans (as seen in SMAD4 and p16/ CDKN2A). 94 Indeed, overall only 14% of the genes found in one study using the Sleeping Beauty mice are known to be mutated in human pancreatic cancer. 93 These findings in mice can therefore be misleading unless they are validated in studies of human disease.
Nonetheless, the study by Pe´rez-Mancera et al 93 does highlight the significant power of carefully integrating the findings in mouse models with human disease; as such an integration in this case identified the deubiquitinase USP9X as a potential tumor suppressor gene in human pancreatic cancer. Sleeping Beauty mutagenesis can help identify genes important to a cancer type that might be missed by simple sequencing of human cancers, particularly if these genes are epigenetically targeted.
PROVOCATIVE ISSUE #8
Mouse Models of Cancer Driven by a Single Gene Underestimate the Complexity of Human Disease
Translating pancreatic cancer therapies from the preclinical arena to the clinic has often been fraught with challenges, with striking results in mouse models not reaching commensurate success in humans. Examples include earlier failures using farnesyltransferase inhibitors that targeted posttranslational modification of Ras, 100 and more recently, with small molecule antagonists of the Hh signaling pathway. 3 Although the underlying reasons for this "benchside to bedside" discordance vary, it does underscore the fallacies of extrapolating from animal model data to predict efficacy in patients.
One advantage that some genetically engineered models harbor is the ability to "turn on" or "turn off" the principal driver oncogene (eg, Kras, Myc, etc.) with an extraneously inducible (tetracycline dependent) promoter. In these models, the expression of the driver mutation within tissues of interest can be temporally regulated to address the issue of oncogene dependence or "addiction" of neoplastic cells. The concept of oncogene "addiction," first proposed by Weinstein, 101 suggests that even brief inactivation of a critical driver may be sufficient to revert the malignant phenotype of the resulting cancer. Indeed, in animal models of Myc-driven sarcomas, transient inactivation of Myc expression alone leads to either regression or differentiation of tumor cells. 102 Similar striking tumor regressions have been shown with inducible Ras-dependent models of murine melanoma upon transient downregulation of Ras expression within established lesions. 103 Recently, two groups have extended this strategy to genetically engineered models of pancreatic cancer, by temporally regulated expression of an "inducible Kras" (iKras). 104, 105 In both of these models, the sustained expression of mutant Kras was required not only for the development of noninvasive precursor lesions (ie, mPanINs), but also for the maintenance of established cancers. Downregulation of mutant Kras expression was sufficient in inducing spectacular regression of murine cancers, suggesting an ongoing dependence of pancreatic tumor cells on Ras effector mechanisms. The common thread running through all of these studies is the observation that blocking expression of a single driver oncogene, even transiently, might have a profound impact on the natural history of a cancer that is dependent on that oncogene.
How do these studies measure up with observations in humans? The results vary based on the particular entity in question. In some neoplasms that are characterized by a single overarching driver mutation, such as the bcr-abl translocation observed in chronic myelogenous leukemia, pharmacological blockade of oncogene function using Imatinib, and second-generation inhibitors have, in fact, led to prolonged, albeit not lifelong, cures. 106, 107 The data in most other solid tumors, however, are far more nuanced. Most human carcinomas are clearly very heterogenous histologically and genetically. [108] [109] [110] [111] [112] [113] [114] This heterogeneity seems to impact response to therapy. For example, in nonsmall cell lung carcinomas that have the classic epidermal growth factor receptor-activating mutations associated with an oncogene addiction phenotype in lung cancer cell lines, 115, 116 pharmacological blockade using small molecule epidermal growth factor receptor tyrosine kinase inhibitors as a first-line therapy does significantly extend the patient's median progression-free survival and overall survival compared with conventional chemotherapy, but only by a matter of few months. 117, 118 Similar nuanced results are observed in BRAF-mutant melanomas treated with the recently approved BRAF small molecule inhibitor (vemurafenib) versus dacarbazine-based regimens. 119, 120 In pancreatic cancer, agents that directly block Kras function have not been evaluated beyond the previously cited farnesyltransferase inhibitor trials, as this small GTPase remains incredibly challenging to antagonize at the pharmacological level. 121 Nonetheless, one can speculate that because of the significant heterogeneity within pancreatic cancers, the rather spectacular near-tumor regressions observed in inducible iKras models is unlikely to be recapitulated in the clinic.
We hasten to add that the point of this discussion is not to undermine the considerable inroads into improving cancer outcomes that molecularly targeted therapies have delivered, but to emphasize the caveats that come with extrapolating "single-gene" blocking strategies from mouse to man. There are many reasons why transient oncogene blockade is unlikely to yield results comparable with what is observed in oncogene addicted models, and some of these insights have come from human tumors that have become refractory to targeted therapies. These include the expansion of cell populations with secondary mutations that cause resistance to first-line targeted therapies and upregulation of compensatory oncogenic/growth factor pathways. 122, 123 
CLOSING THOUGHTS
Although it is clear that an understanding of human pathology is important for the interpretation of animal models, we believe that an understanding of human pathology is equally important for our clinical colleagues. At a TEDMED conference in 2012, Dr Otis Brawley, the Chief Medical Officer of the American Cancer Society called for a "21st century" approach to cancer diagnosis and stated that "pathologists still use drawings made in 1840 to determine which cells in a biopsy are cancerous." 124 In fact, this is not an uncommon belief among clinicians unfamiliar with the complexities of modern surgical pathology. We therefore decided to research this question and went to the Institute of the History of Medicine at the Johns Hopkins University School of Medicine, the oldest history of medicine department in the United States.
We found that the great Italian morbid anatomist Giovanni Battista Morgagni vividly described the symptoms caused by pancreatic cancer when he described the pain a patient of his suffered as "as if he were being torn to pieces by dogs," but the descriptions of the microscopic appearance of pancreatic cancer in the middle of the 19th century were atrocious. For example, Julius Vogel in his 1843 book Pathologischen Histologie described a 38-yearold patient with pancreatic cancer and ascites. 125 The illustration of the histologic appearance of her/his cancer is, however, not diagnosable (Fig. 2) . None of the 6 histologic features commonly used to establish a diagnosis of pancreatic cancer-(1) haphazard arrangement of glands; (2) perineural invasion; (3) vascular invasion; (4) nuclear variation >4 to 1; (5) incomplete lumina; and (6) a gland next to a muscular vessel-are present. 25 In fact, the illustration focuses on the fibers in the desmoplastic stroma and looks more like a fern than a pancreatic cancer.
What about the tools that are commonly used in diagnostic surgical pathology today? Are the tools used today the same as those used in the 1840s as Dr Brawley suggests? The routine stain used in the vast majority of surgical pathology laboratories today is the hematoxylin and eosin, or "H and E," stain. Hematoxylin, a dye derived from the Haematoxylon campechianum tree, was first applied to tissue sections by Bohmer in 1865 and eosin was synthesized by Baeyer in 1871 and first used to stain tissue sections in 1876 by Dreschfeld and Fischer. 126 Neither stain was used in the 1840s. Immunohistochemistry (IHC) is another tool used in the daily practice of diagnostic surgical pathology. Although the detection of antigens in tissue sections dates back to 1941 when Coons and colleagues labeled an antibody with fluorescent dye and used it to identify an antigen in tissue sections, it really was not until the 1970s that IHC began to be applied more routinely to tissue diagnoses. The third arm of modern surgical pathology, molecular genetics, is even more recent than IHC. For example, Smad4 loss can be used to suggest that a neoplasm arose in the pancreas, but the SMAD4 gene was not discovered until 1996 and IHC was first applied to detect loss of the protein, Smad4, in tissues in 2000. 127, 128 Clearly, the foundations on which modern surgical pathology laboratories are built, H and E staining, IHC, and molecular genetic analyses, were not available in the 1840s.
All joking aside, this is a serious issue. Microscopy remains at the center of diagnostic pathology not because diagnostic pathologists are stuck in the 19th century, instead, microscopy remains at the center of modern pathology because extensive evidence-based medicine has established that in the vast majority of instances, microscopy remains the fastest, most sensitive, and most specific way to establish accurate diagnoses. We should not, as Dr Brawley suggests, adopt "molecular" approaches simply because they are novel. Instead, each new approach should be examined carefully side-by-side with existing methodologies. Those found to be superior should be adopted, those novel but of no added benefit should not. This is not a case of John Henry versus the steampowered hammer. Instead, it is a balanced evidence-based approach to the practice of modern medicine.
